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ABSTRACT 

The origin of super-luminous supernovae (SLSNe), especially the source of their huge luminosities, 
has not been clarified yet. While a strong interaction between SN ejecta and dense circumstcllar 
media (CSM) is a leading scenario, alternative models have been proposed. In this Letter, we suggest 
new diagnostics to discriminate the strong SN-CSM interaction scenario from the others: a decline in 
the luminosity ('dip') before the main peak of the light curve. This dip is an unavoidable consequence 
of having a dense CSM within which the shock breakout occurs. If a dense CSM shell is located far 
at large radii from the progenitor inside, it takes time for the SN ejecta to reach it and the early 
light curve can be powered by the SN ejecta before the collision. Once the SN ejecta collides with the 
dense CSM, the electron density and thus the Thomson scattering opacity suddenly increase. Photons 
become unable to go out of the shock even if there is a source of emission inside, which results in the 
dip in the light curve. This dip is a solid prediction from the strong interaction scenario irrespective 
of a power source for the early emission. Eventually the forward shock breaks out from within the 
dense CSM, and the luminosity increases by the continuous strong SN-CSM interaction, resulting in 
an SLSN. The possible dip observed in the hydrogen-poor SLSN, 2006oz, could be the first example 
of this signature and give support to the SN-CSM interaction as the power source of SLSN 2006oz. 

Subject headings: supernovae: general — supernovae: individual (SN 2006oz) 



1. INTRODUCTION 



The origin of the huge luminosities of super-luminous 
supernovae (SLSNe), categorized by maximum luminosi- 
ties exceeding ~ 10 44 erg s^ 1 , is one of the biggest mys- 
teries in the study of stellar explosions. SLSNe are 
roughly divided into two groups based on the existence or 
non-existence of hydrogen lines in their spectra (H-rich 
and H-poor SLSNe). The origin of H-rich SLSNe is most 
likely a strong interaction between the S N ejecta and a 
dense circumstellar medium (CSM) (e.g., Wooslev et al. 
2007t IChevalier k Irwinll201lHMor va fc T ominagal f20ll 



CSM (e.g.. lBlinnikov k Sorokinall2010l), a spin-down of a 
highly-magnetized neutron star (e.g.. | Kasen k Bildstenl 



Svirski et al.l l2012t iMoriva et all 
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dense CSM (e.g.. lSmith et al.ll2010f ). On the other hand, 
the origin of H-poor SLSNe is not yet well-understood. 
Some of them show light curves (LCs) whose decline 
rates after the peak are consistent with the 56 Co de- 
cay and they are likely powered by a large amount 
of 56 Ni (e.g. iGal-Yam et all l200l lYoung et al.l l2010t 
IMoriva et al.l [20100 . However, this is not the case for 
the majority of H-poor SLSNe. Their LC s generally de- 
cline much faster than the 56 C o decay (lOuimbv et all 
20071 120111: iBarbarv et all 120091 : iPastorello et al.l 120101 : 
Chomiuk et al.ll2011| ). For these H-poor SLSNe, several 



mechanisms to power the LCs have been suggested, in- 
cluding an interaction of SN ejecta with C+O-rich dense 
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l2010 HWoosievll2010HMaeda et alJl2007D . or a quark nova 
model fe.g.. lOuved k Leahy||2012jh However, there has 
been no clear observational evidence to distinguish the 
actual heating mechanism of H-poor SLSNe. 

Recent observations of an H-poor SLSN 2006oz re- 
vealed the exist ence of the early emis sion before the main 
part of the LC (jLeloudas et al.ll2012l ). The early emission 
was observed to continue about 10 days at the bolomet- 
ric luminosity of ~ 10 43 erg s _1 , followed by a possible 
decline in the luminosity for a few days (a 'dip'). Then 
the luminosity increased to at least ~ 10 erg s _1 in the 
timescalc of ~ 30 days ('main LC). It is unlikely that 
emission from SN 2006oz was powered by the 56 Ni decay, 
since most of the ejecta (~ 10 M ) would have to be 56 Ni 
to simultaneously explain the rising time and the p eak lu- 
mino sity of SN 2006oz with 56 Ni heating (|Leloudas et al.l 
l2012h . The origins of the early emission and the possible 
dip in the LC have not yet been clarified (jLeloudas et al.1 
120121) . 

In this Letter, we explore a consequence of the SN- 
dense CSM interaction scenario for SLSNe. We show 
that this scenario predicts that the luminosity of SLSNe 
should decline for a while before the strong interac- 
tion that powers the huge luminosity begins. The 
dip is an inevitable conseque nce of the shock break- 
out within the dense CSM (IChevalier k Irwin! 120111: 
Moriva k Tom iiiaga 20 11: ISvirski et al.l I2012L see also 
Ofek e t al. 2010; Balbcrg k Loebl I2TJT1I ) . The possible 



dip observed in SN 2006oz could be the first example of 
this and it indicates that the SN-CSM interaction is the 
power source of the H-poor SLSN 2006oz. 

2. DENSE CIRCUMSTELLAR MEDIUM AROUND SN 
2006OZ 
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We explore a consequence of the SN-dense CSM inter- 
action scenario to power the emission from SLSNe. Al- 
though our arguments apply to any SLSNe powered by 
interaction, we focus on SN 2006oz to provide our basic 
idea. This SLSN is the best example so far for which the 
early phase behavior has been well observed. First, we 
estimate physical properties of the dense CSM around 
the progenitor of SN 2006oz, under the assumption that 
the main LC was powered by the interaction between SN 
ejecta and dense CSM. Then, with these constraints, wc 
discuss what is expected to take place in the proposed 
system before the main LC. 

Figure [U, presents the progenitor system required in 
the strong interaction scenario. A dense CSM shell ex- 
ists between Ri and R . Once the SN ejecta reaches Ri, 
the strong interaction takes place until the ejecta reaches 
R , and this interaction powers the main LC. An early 
emission is created in the phase before the ejecta reaches 
to Ri. Our main arguments below do not depend on the 
nature of a power source for the early emission, and thus 
we proceed without specifying it (see Section 0] for pos- 
sible origins for the early emission). The CSM should 
be dense enough to explain the peak luminosity of SN 
2006oz by the interaction scenario, and the shock break- 
out is expected to take place within the CSM at the 
beginning of the strong interaction. The radius where 
the shock breakout occurs is expressed as xR (where 
RijR < x < 1). As we focus on H-poor SLSNe, we 
assume that the CSM is mainly composed of C and O, 
and the progenitor star is a Wolf-Rayet (WR) star. In 
the following, we assume that the dense CSM is uni- 
formly distributed with a constant density. This is just 
for the sake of simplicity, and the main result is not sen- 
sitive to this assumption. Under these assumptions, we 
estimate properties of the dense CSM by comparing the 
shock breakout prediction and the observed features of 
SN 2006oz. 

The blackbody radius obtained from the spectrum near 
the main LC peak of SN 2006oz is about 2.5 x 10 15 cm 
(|Leloudas et al.ll2012f) . Since the last scattering surface 
of the CSM at the main LC peak is expected to be at the 
outermost region of the dense CS M shell when the den- 
sity i s constant in the dense CSM (jMoriva fe Tominagal 
12012ft . we can estimate that R ~ 2.5 x 10 15 cm. On 
the other hand, the blackbody radius at the beginning 
of the main LC rising phase (i.e., at the beginning of the 
strong interaction just after the shock break out within 
the CSM) is ~ 10 15 cm dLeloudas et al .1 120121) . Thus, we 
can estimate that xR ~ 10 15 cm. 

By assuming that the rising time of the main LC of SN 
2006oz (~ 30 days) corresponds to the diffusion time td 
of the dense CSM, the electron density n e in the dense 
CSM can be estimated from the following equation: 

t t (R -xR ) 

td — , U) 

c 

where tt = aTn e (R — xR ) is the Thomson scattering 

optical depth within the dense CSM, c is the speed of 

light, and ot is the Thomson scattering cross section. 

From Equation ([1]), 

" e ~ (I? Ctd R\2 ~ 5 X 1010 ^^ ( 2 ) 

a T (R -xR o y 
The last value of Equation ^ is estimated by adopting 
the parameters for SN 2006oz, i.e., td = 30 days, xR = 







TABLE 1 
Model Parameters of SN 2006oz 




Ri 

cm 


xR 

cm 


R n e CSM Density 
cm cm -3 g cm -3 


CSM Mass 
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10 lb 


10 ia 


2.5 X 10 lb 5 X 10 IU 1CT 12 


35 



10 15 cm, and R = 2.5 x 10 15 cm. t t = 52 in this 
case and it is plausible that the shock breakout occurs 
in the CSM with the typical forward shock velocity v s ~ 
10, 000 km s" 1 (c/v s ~ 30). 

If the dense CSM is composed of 50 % C and 50 % O 
and both C and O are singly ionized in the entire CSM, 
the CSM density corresponding to n e ~ 5 x 10 10 cm" 3 
is Pcsm — 10~ 12 g cm~ 3 . Then, the required CSM 
mass is ~ 35 M©. If we further assume that the out- 
flowing velocity of the dense CSM was 100 km s" 1 , the 
35 M© of C+O-rich materials must have been lost from 
the progenitor within 8 years before the explosion at a 
rate of ~ 7 M© yr _1 . Mechanisms by which WR stars 
experience such a huge mass loss just before the ex- 
plosion have not yet been clarified, although t here are 
some suggestions (e.g.. lQuataert fc Shiodd[2012| ). Alter- 
natively, the dense CSM does not necessarily need to 
come from the huge mass ejection from the progenitor. 
Within a dense cluster, collisions of WR stars may leave 
dense C+O-rich envelopes that would persist until the 
time of the explosion. This is an alternative way to 
have a dense C+O-rich CSM around an SN (see also, 
e.g., j Portcaics Zwa rt fc van den Heuvell[2007t iPan et all 
l2012UChevalierll2012l h 

3. A DIP AS A SIGNATURE OF THE SN-CSM 
INTERACTION 

Based on the properties of the dense CSM required 
by the SN-CSM interaction scenario to power the main 
LC of SLSN 2006oz discussed above, we now investigate 
a consequence of this scenario in the early phase before 
the main LC. We suggest that there must be a brief phase 
of decreased luminosity lasting for a few days before the 
strong interaction energizes the main LC. This argument 
is independent of any assumptions regarding the nature 
of the early emission which will be discussed in Section 
[4j The only requirement is that there is a detectable, 
i.e., sufficiently luminous, early emission phase. The dip 
phase should then appear as the fading phase between 
the early emission and the main LC. 

Figure [1] summarizes our model for the dip after the 
early emission. Before the explosion, most of C and O in 
the dense CSM is not ionized, and thus the CSM is trans- 
parent. This is because of the high CSM density which 
results in the high recombination rate (~ 10~ 12 g cm~ 3 
estimated for SN 2006oz). The emission rate of the ion- 
izing photons from a typical WR star (10 6 L© and 10 5 
K) is ~ 10 49 s _1 . With the recombination coefficient 
~ 10~ 13 cm 3 s _1 , the number of ionizing photons is too 
small to keep the dense CSM ionized. 

Then, the central star explodes as an SN. Before the 
ejecta reaches Ri (Figure Qi>), the SN ejecta expands 
within the rarefied region below Ri. We attribute the 
early emission in the LC to the light from the SN ejecta 
in this phase before the strong collision. The duration 
of the early emission in SN 2006oz before the main LC 
is about 10 days. Regardless of the nature of the early 
emission, the duration can be interpreted as the time re- 
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quired for the SN ejecta to reach the dense CSM (i.e., 
at Ri) in our scenario. With v s ~ 10,000 km s _1 , it 
reaches ~ 10 15 cm in about 10 days and we can estimate 
that Ri ~ xR . This is consistent with the estimated 
blackbody radius in this phase (Section [2]). 

Regardless of the mechanism to power the early emis- 
sion, if the majority of photons emitted from the SN 
ejecta is in the optical or near-ultraviolet, most of C and 
O in the dense CSM will still not be ionized during the 
early emission phase. For instance, the blackbody radius 
and temperature of SN 2006oz during the early emission 
phase are ~ 10 15 cm and 15, 000 K, respectively, and the 
emission rate of the ionizing photons (~ 10 54 s _1 ) is too 
small to keep most of the dense CSM ionized. Only the 
innermost thin layer of the dense CSM (up to ~ 1.2 x 10 15 
cm) can be ionized in this case. The optical depth to the 
Thomson scattering in this ionized region becomes ~ 7. 
However, the ionizing region is confined in the thin layer, 
and the diffusion time scale within it is estimated to be 
less than a day. Thus, the photosphere can be located 
in this thin layer of ionized material, but the effect on 
the LC evolution is expected to be small. Some recom- 
bination lines may be found in spectra at this phase. 
Nonetheless, most of the dense CSM is still transparent 
to optical photons, and thus we can observe the early 
emission. 

After about 10 days after the explosion, the SN ejecta 
starts to collide with the dense CSM. Because of the 
strong interaction, X-rays and ultraviolet photons are 
now efficiently produced at the forward shock 4 , and the 
electron density in the dense CSM suddenly increases. 
The CSM gets ionized and the Thomson scattering makes 
the dense CSM opaque to any photons. Then, the diffu- 
sion velocity of photons can be less than the velocity of 
the shock wave, and photons cannot go out of the shock 
until the shock breakout takes place at xR (Figure QJ). 
During this optically thick phase before the shock break- 
out, the luminosity decreases. This sudden decline in the 
luminosity is a naturally-expected observable signature 
of the strong SN-CSM interaction scenario. 

We suggest that the possible dip observed in SN 2006oz 
could be the first observed example of this signature. 
The duration of the dip in the LC of SN 2006oz was 
short. The luminosity at the single observed epoch af- 
ter the early emission showed the decline, and the lumi- 
nosity was back to th e previous level by the next epoch 
(|Leloudas et al.ll2012l Figured]). Therefore, the duration 
of the dip was at most 2 days. From this, we can place a 
constraint on the shock breakout: xR — Ri should be less 
than 2 x 10 14 cm, or xR should be less than 1.2 x 10 15 
cm, if v s = 10,000 km s _1 . We note that the duration 
of the dip can be very short, and thus high cadence ob- 
servations are important to capture this signature. 

After the shock breakout at xR , photons are able to 
escape out of the interaction region. Then, the SN lumi- 
nosity is powered by the SN-CSM interaction, and the 
SN becomes super-luminous from the ongoing strong in- 
teraction (Figure [TH, Section [2]). 



4. DISCUSSION AND CONCLUSIONS 

4 As X-rays can reach innter orbit electrons, they may have 
difficulties to propagate outward. 



We suggest a new way to distinguish proposed power 
sources of SLSNe. Among scenarios proposed so far, the 
strong interaction scenario, which requires the existence 
of dense CSM, is distinguishable by the early phase LC 
before the rising part to the peak luminosity. The sce- 
nario predicts that a brief dip phase should appear before 
the main LC if there is an early emission which is bright 
enough to be observed, as was the case for the H-poor 
SLSN 2006oz. This argument is irrespective of detailed 
nature and origin of the early emission itself. The ex- 
istence of the dip reflects the change in the ionization 
condition in the dense CSM following the SN-CSM in- 
teraction which results in the shock breakout within the 
CSM. The possible dip observed in H-poor SLSN 2006oz 
indicates that the main power source of the huge lumi- 
nosity for this SLSN is the strong interaction between the 
SN ejecta and the dense C+O-rich CSM whose mass is es- 
timated as ~ 35 Mq . Other proposed power sources like 
magnetars may also happen to show a dip for a specific 
combination of model parameters and a dip may appear 
in some SLSNe but not in all SLSNc in these scenarios. 
On the other hand, a dip should always appear when the 
shock breakout occurs. Thus, more H-poor SLSN sam- 
ples in the early phase are required to see whether a dip 
is a common feature of H-poor SLSNe and it is actually 
due to the shock breakout. We strongly encourage future 
observations in this direction. 

The early emission of SN 2006oz itself is bright (~ 
10 43 erg s _1 ), with the total radiation energy of ~ 10 49 
erg within ~ 10 days. There are a few possible mecha- 
nisms to power the early emission. 56 Ni produced in the 
SN inside is one possibility. The color of the early emis- 
sion obtained bv lLeloudas et all (|2012[) is similar to tha t 
of Type la SNe near the LC peak fe.g. JWang et al.l2009t) . 
The required 56 Ni mass to explain the early emission lu- 
minosity is ~ 1 Mq. However, a difficulty in this model 
is that the rising time of the early emission is constrained 
to be at most 5 days (|Leloudas et al.ll2012l) , which is too 
short for the 56 Ni heating scenario. Another possibility 
is the interaction between the SN ejecta and CSM. It 
is possible that CSM which is less dense than the dense 
CSM above Ri exists below Ri. If there is additional 
CSM of ~ 0.1 Mq below Ri, this is enough to create the 
lumino sity of ~ 10 43 erg s" 1 through the SN-CSM inter- 
action (|Morivaet al.ll2011l) . This small amount of CSM 
would not change the overall picture we suggest, since 
the total amount of the radiation energy emitted as the 
early emission (~ 10 erg) is much smaller than the to- 
tal available kinetic energy (~ 10 51 erg or even more) by 
the SN explosion and does not affect the dynamics of the 
shock wave so much. 

The existence of ~ 10 M Q C+O-rich CSM around a 
WR star which is lost just before its explosion clearly 
challenges the current understanding of stellar mass loss 
and stellar evolution. This drastic mass loss could influ- 
ence the final progenitor mass at the time of its explo- 
sion and its fate. For example, stars which are currently 
considered to end up with a black hole due to fallback 
may actually become a neutron star because of the extra 
mass loss which reduces the mass of the accreting enve- 
lope material at the time of the core collapse. We still do 
not have a large number of observations to confirm that 
a WR star can actually have such mass loss and the dip 
is a common feature of H-poor SLSNe. Future observa- 
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tions of H-poor SLSNc especially in the early phases are 
essential for understanding the origin of H-poor SLSNe 
and the final fates of WR stars. 
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Fig. 1. — The proposed origin of the dip between the early emission and the main LC. The dense CSM, within which the shock breakout 
occurs, extends from Ri to R . A progenitor star explodes in this configuration (a). Before the forward shock reaches Ri (b), the dense 
CSM is transparent to optical photons from the SN ejecta and they can be observed as an early emission. When the forward shock reaches 
Ri (c), the opacity suddenly increases as ionization in the dense CSM is enhanced. Thus, even if the energy source of the early emission is 
still active, the dense CSM blocks the light, causing a dip in the LC. Then, after the shock breakout within the dense CSM (d), photons 
can escape from the shock. The SN is now powered by the strong interaction reaching the large luminosity in the main peak. The LC 
shown in each inset is the bolometric LC of SN 2006oz obtained by[Lcloudas ct al. ( 2012T ). 



